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SHOCK COMPRESSION AND QUASIELASTIC RELEASE IN TANTALUM

1. N. Johnson, R, S. Hixson, D). L. Tonks, and G. T, Gray ill
Los Alamos National Laboratory
Los Alamos, New Mexico, LSA 7545

Previous studies of quasiclasue release in shock-loaded FCC metals have shown a strong intluence of the defect state on the
leading edge, or tirst observable amval, of the release wave. ‘This is duc to the large density of pinned dislocation segments
behind the shock front. their relativelv large pinning separation. and a very short response ume as detenmmined by the drag
coetlicient in the shock-compressed state. This etfect is entirely equivalent 1o problems associated with elastic moduli
dewnnination using ultrasonic metheds. “This is particularly true tor FCC metals, which have an especially low Peierls siress,
or mherent lattice resistance, that has litde intluence in pinning dislocation ~egments and inhibiting anelasuc defonnation.
BCC metals. on the other hand, have a large Peieris stress that essennally Euids dislocation segments in place at low net
applied shear suesses and thus allows fully elasiic deformation 10 occur in the complete absence of anelastic behavior.
Shock-compression and release cxpenments have been pertormed on tantalum (BCC), with the observation that the leading
relcase disturbance is indeed elasuc. This conclusion is esiablished by examuination of expenmental VISAR records taken at
the tantalumysapphire (window) mterace in a svimmetnc-impact expenment which subjects the semple to a peak longitudinal

stress of approximately 7.3 GPa, in comparison with charactenstc code caleulations,

INTRODUCTION

One of the unigue aspects ol shock compression
science 15 the ability to muke very accurate nmeresoived
(~1 ns) optical measurements ol particle veloaity at a
position on the surtace ol an unpacied solid sample. 1 the
sample material is wansparent these measurements can be
made in sit. More olten, as o the case ol metals,
measurements are made at the planar interlace between the
sample and a vansparent window material chosen o
provide a neasonably good acoustic impedance mateh with
the sample

Ihese data contnin much intormation concerning
variation of clastic modul with compiession, the onset and
continuation ol high-rate plasne flow, and quasiclasuc
release om the shocked st

The twerm "quasielastic” vomes Loy the common
observation that release waves o shocked metals tand
prerhaps most nonmetals) do notexhibiv adeal elastic plastic
behavior,

The imtal teatment ot elaste plasue deformation
shock Toaded solids was hased on e mdependen, deally
plasne delomuton Hlowever, i wan soai wecopinzed that
tis descapiion was unithle to account for nme dependent
cticets, particubarly the complex release wave properiies
observed malmostall, of porall, ety Measuted release
waves exlubat a preat deal ol anclastie, or quasiclastie,
strictine poon o fully plastics revense vielding when the
steas state cncounters the yicld suclace on the apposite side
of the shock hydtosdat

Amalysis o) gquastelhstie tefease meshock compressed
solids involves quaniiving nierostoe taeal ettects saeh as
pinned distocation sepments and dislocaton prie ops, T
mcluder (the evointon of mteral stesses that contiol the
moton ol these detecrs as the apphed siess asefeased an
the unloading wave propapanng o the shocked e 1
A1 I previons work [ several conchisions e teached i
tepurd wothe type ot delecs elaged o gquasie s welease

wave behavior in FCC metals. The first is that pinned
sepments are responsible tor the teverse elastic
deformaton observed in the quasiclasue eime, and
secondly the distance L between piming poinls is ~ Sxbh,
where b the lattice spacing (or magnitude ol the Burgers
veetor), ‘The line density of punned dislocation segments s
on the order of 10°5 b2 (approximately 1010 ep-dy. These
observations seem reasonable enough, but the anferred
value ol the viscous drag coctlicient B in the shock-
compressed state is wnusual,  For 6061-T60 aluminum,
uxygen dree electrome (OFE) capper, and a silicon-bronae
alloy tall shoek foaded to 10 20 GPa) 1uis lound that the
viscous deap coeflicient must be approximalely 1 dyne s
em? in order tor calculated guasiclastic release waves o he
in even approximate agreement with measurement, This is
three orders of magnitude preater than expernmentally
observed under ambient conditions [5]. These results
pertiin exphicitly to the assumpnion that the leading
observable refease disturbance 1s tully claste,

Preliminary molecular dynannes studies [0 sugpest that
the viscous diape coctticient m copper s essentially
unchanped by compression o 10 J0GPla s
wdotmation seeved as a sttony impetus oonvesbpale
quasichastie behavior wekted to fower vilues (0001 O 1
dyne «em ol the viscous doy coctlicient m FCC metals
(6], The esults paven moacterenee 7] show that tor B4
dvne s em 4 e feading gbservable  release wave
disturhance e CC metals does pot propapate with the
clastic wave speed ce piver
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where poas the inwenal densuy, Koand Goare the adiabate
bulk and shear moduli, respecavely, and nl 2as the praduct
ot density Hengh pec umt volume) of pineed segments and
the average pimmng separation squared. AN ot the
gquantiies e Bguations D and 02 e exaiuated e the
shock compressed stite ahead of the release wive.

For notmal valoes ot B, the shear modulus dewenmimed
tom release wave meastements cortesponds to the clasue

shear modulus Gy only when nl <« L thas s also one ol
the condmions requined of uluasome imcaswement i ihe
accurate  determimation of clastie modul (X9,
thntortanately . expenmmentabists have hikde o no control
over ol belind the shock Bone e shock telease
expenments,

The specrtic results obtamed so L cpply only 10 FOC
metals, tor which the Pewerls siess provide d by the Eintiee s
usuvally quite small,  Other solids may possibly possess
suthicient natural esistanee o reverse motion of dhislocation
sepments womsae that the il rlease rom the shocked
state iy tully elasne.

This bings us to the question of whether o not the
lcading observable release wase mantadum, a s pacal RO
metal, propagates wath the fully elastic speed, i vontast
with resulis obiuned tor FOC metals, The answer to that
queston as yes. the leading portion of the release wave
tantalum does propagate with the fullv elastic wave speed.
This s g conseqguence ol the etfecuye pimmyg: ol bowed out
dislocation segmens provided by the tiie Pewerls sness ol
the kutice.

MICROMECHANICAL SOURCT O ANFLASTICTTY
INTHE RELEASE WAV

The quasiclasue natare of release waves i alumonum,
copper, and Sibronze comes Trom intennl stresses acting
on dislocations due to their curvatme between pining
pomts provaded by Latiwee impunties, pomnt deteets, or ulher
dislocations. This s shawn schemancally w Fyrae 1 The
relationship between rdins of cavatore R and apphed

PINNED DISLOCATION SEGMENTS
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shear stress Tan the shock compressed stae s R = Gh/t
under equinbrium condiuons, in the tlansient situation the

back stress J)puven oy
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1s notn equilibriom wah otar obess the evolubonary law
nven by |d4]
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The release of apphed suess allows reverse dislocauon
IoLON to ocew immedately upon arnval of the unloading
wave.  There are iwo haraclenstie times associated with
the accumulation ol reverse plasie stramn [4): (WG
and B/inh)

I'he fiest nme constant contwals the readjustment ol the

mtermal suess Podue o dislocanon carvature and the second
controls the tate ol accumuiation ol plastie <tram. Because
ot the small values ot Boand LD o 500), the hiest nme
constant s very small ¢ -1 as) and the readjustment ot the
dislocation segments takes place almost instantancously,
even i companson o the best VISAR tme sesolution
currently avanlable,  Flus means that the leading obscovable
release disturhimee i FCC metals s not fully elastae.
Measured release wave specds we relited o an effective
clustic shear modulus given by

(

]
. 5
1+ ul.4 t3)

Gent

For pure matenals, nld - Uand the shear modulus, as
determned by release wave speeds, s a lew tens of pereent
lower tin the wue elasue shear modulus G

Asan asude, the above expression tor the ellecuve shear
modulus suppests aomeans by which nean be detemuned in
the shock compressed stite, once L Gand Giegg e known,

Frgures 2 aad 4 show two calculaoons tor 606110
alununum LO], cach with 8 0 L dyne s e <, Figuee 2 has

avalue of b 08 < 10 Y and Fyre Vs o nbd - 0
The Latter case shows the elloct of “heezmp out”™ the
anclastic contnbutien from the pned dislocaton
RTINS The elasoe shewm modulus e the shock
compressed stiate s ke o be 9GP The veracal
attows mdhcate the (st obseevable arnival of the
quastchntie redease wave e cach case Ty clean from
these results that the presence ol mobnle distocition
sepments has a suony mthience on te fustnaval of the
telease wave  The eltechive shear modo lus ay ubbinned
Lot tuste anneval mlormshon adope s G 69 Gila

RESUT IS TOR TANTALLUN

Fhe uiasielinte release wave an shock Toaded tantlum
was studied waap a0 mun daaneter e pan Proecnlde
velooty i nlt were meased vamedately before nnpact
by neans o stepped cncnbao ary ot shorungp pans
sutronndingy the tapetdisk Do ths expermment et s
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Figue 20 Measured (carcdes) and caleulated ine) wave
profdes m GU6LTO aluminue: nhe= 25w 1Y,

approximately 1.O 1S5 wmad, and the smpact veloeity was
very crose 1o (0.250 km/s, Symmemie impiact was used (o
generate an initial 7.3 GPa shock tollowed by 1elease.

The shock aelease prohile was measwed nsing a
push/pull VISAR [ 1] The wave prohle was measured at
the taper window interface with a Z. cut sapphire window
This targer geometry munuunized, to the extent possible,
hydrodynamie perturbations at the target- window wtertace.

These data are shown in Figuies 4 and 5 in comparison
with numerical simulations ol this expennment using

charactenstic methods [4]. Figure 4 shows the elfect of

quasielastic release with (nh? 5 < 10 %), Figure 5 shows
matersal behavior i the absence of anclasticity an the
telease wave (nh? -~ 0) The viscous dieg coellicient 1s
taken o be Bo= 01 dyne s em < i both cases. The
mtluence ot the Peicrls stress s tiken mto zecount by
assuming the dislocation veloctty poes very tapidly o sero
when the absolute mapnude of the shem stiess Lalls below
045 GEPa [ 1M Flos s the effect tat s responsable Tog
pronaiy the dislocaiain aepments s unloaing bepms e
telease wave.

The wesults presented here show the guasielastic nature
ol the elsase wave e Cantdam and the improved Dt to the
dint when thas s ken mto account i way desenbed
prevsossdy (4] However s seen that the Liest aeaval time
ol the release winve iy vuatiected by the presence ol pomed
dhislocation sepments m the shock compressed state This
s consistent wih e castence ol g stiong Ltiee iesistanee
tPereds toreey o didocamm mation i BEC matetals

e weramechamcal model of poned distocation
sepments Tor FCC metals s beon aed mbos cldealanon
tor tantalin 10w ecopnzed that the shape of exianding
didocation doaps e FOC and NOCC wmetals s bkely
dhittevent, and tat dislocanon sorape eltects ditler preatly
hetwes n these two covsil structmes {1 Hlowever, the
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Figure 3. Measuwed (cireles) and calealated (liner wave
profites in 6061 -F6 aluminum: nh?- 0,

cssemial pretire of bowed dislocation segments iemsuns
approximtely  the same. While the tundamental
mechanism for generating back suess s unchanged, the
cifect ol vared dislocation mopholopy wall alwer plobal
slip activity trom anead (o lineal glide f14]. This saaomale is
consisient with subrtruetnee observatons that show residual
long, straipht screw dislocatnons aflter deformaton an
ctalum atlow tempetitures or high st ates | 15).

The elastic properies of tantadum have been described
in 1wo ways.  Vhe first s ihe small anisotropy
approximation [16], w which the isouopic bulk and shear
moduli are assumed 0 e lunctions ol deasity.  In this

approammation the bulk sound speed ¢, - V4V em/ps, the
slope of the shoek L eluacity/particle velocity relationship s
s = 119, and Poissons ratio is assumed constant at v -
O W17 Becanse of the ielatively Laye s Tupomot elastie
Lt i compatson o the peak lomgitadmal stiess o 74
GPa (Fpwes 4 and 9), the small amsottopy approxintion
may not beoas valid as it for alvminam ae 217 GPa
trprares Jand B

For this rcason we also imvesapaed the eliect of using
weak shock salysis Do UR] ivolving second and thind
order elasiie modulv Flns wall provade acheck on e
vasonableness ol the soall inesotropy approsmaton, and
will be tutther conbitmanion of fully elinue belavior m the
it porgon ol ahe elease wave, The aindependent
isotropic Claste modult used m these calvalagions die pven
hy

o SR G, Cpry o G,

i ol Gl Oy OO G, gy RIRO G,

bised on caleawdanons usiny the zeto pressoe bulk sound
specd [T i conpuncetion with pressue ad emperatue
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Figure 4. Measured (ciieles) and caleulited (line) wave
profiles in tantalum:- nbd= S = 10 3,

detivatives of the the bulk and shear moduly j20,21).
Differences netween wave profudes tigaies 4 and %) using
cither the small amsowopy approximaton or the weak-
shock analysis we neghpibie.

SUMMARY AND CONCLUSIONS

Previous work showed that release waves in 1CC
incwls were quasiclastic i natwe, and that (he leading
wbhseryable release disturbance propagated with a speed
controlled by an etfective shear modulus delined by
Gen~G/1) v nl274), where Gos the fully elastic shear
modulus, 118 the density of mobile dislocation sepmens
behind the shock frong, and 1, s their pinming separation,
Fxpenmentahsts have little or no control overn and 1. in a
shock/odeitse cyele, and Tor this 1eason welease wave anval
lmes may be ol questionable use in obtanming elasue
moduly i the shocked state fog FCC metals

For BOCC metds, mopantcubn tantalum, the Tie
Peictly siress serves ay an eltectve addinonal pimng
mechanism thad prolbis everse hislocation monon
mediately upon pelease from the shocked state The
leading observable release wave disturbance i tintalum
conreatly samples tully elastic matenal espense
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